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Abstract 


In this work, a design of transimpedance amplifier (TIA) for cryogenic scanning 
tunneling microscope (CryoSTM) is proposed. The TIA with the tip-sample compo- 
nent in CryoSTM is called as CryoSTM-TIA. With transimpedance gain of 1 GQ, the 
bandwidth of the CryoSTM-TIA is larger than 300 kHz. The distinctive feature of 
the proposed CryoSTM-TIA is that its pre-amplifier is made of a single cryogenic high 
electron mobility transistor (HEMT), so the apparatus equivalent input noise current 
power spectral density at 100 kHz is lower than 4 (fA)?/Hz. In addition, “bias-cooling 
method” can be used to in-situ control the density of the frozen DX~ centers in the 
HEMT doping area, changing its structure to reduce the device noises. With this 
apparatus, fast scanning tunneling spectra measurements with high-energy-resolution 
are capable to be performed. And, it is capable to measure scanning tunneling shot 
noise spectra (STSNS) at the atomic scale for various quantum systems, even if the 
shot noise is very low. It provides a powerful tool to investigate novel quantum states 
by measuring STSNS, such as detecting the existence of Majorana bound states in the 
topological quantum systems. 


1 Introduction 


High performance transimpedance amplifier (TIA) for cryogenic scanning tunneling mi- 
croscope (CryoSTM) is a key element [I] [2]. Recently, in Ref.[3], it was proposed a design 
of TIA for CryoSTM. The TIA with the tip-sample component in CryoSTM is called as 
CryoSTM-TIA. In that design, the CryoSTM-TIA has a transimpedance gain of 1 GQ, a 
bandwidth of more than 300 kHz, and its equivalent input noise current power spectral 
density (PSD) that characterizes the circuit inherent noise is 21 (fA)?/Hz at 100 kHz. The 
CryoSTM-TIA is capable of measuring the scanning tunneling shot noise spectra (STSNS) 
of various quantum systems at atomic resolution, even if the measured noise current PSD 
is as small as a few (fA)?/Hz. In Ref.[3], it was illustrated how the CryoSTM-TIA is 
used to measure STSNS of quantum systems to investigate novel quantum states, such 
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as detecting Majorana bound states (MBSs) in iron-based superconductors [4]. In the 
CryoSTM-TIA, cascade the pre-amplifier (Pre-Amp) and the post-amplifier (Post-Amp) 
to form an operational amplifier (OPA), and denoted as Macro-Amp. The Pre-Amp in the 
Macro-Amp is a differential amplifier made of a pair of high electron mobility transistors 
(HEMTs), where the HEMT is a kind of cryogenic GaAs MESFET [5} [6]. However, it is 
quite difficult to select cryogenic GaAs MESFETs with identical performances for pairing 
pl. 

In this work, a design for the CryoSTM-TIA with a single HEMT in the Pre-Amp is 
proposed. In the CryoSTM-TIA, cascade Pre-Amp and Post-Amp to form an inverting- 
amplifier (Inv-Amp), which is not OPA. The CryoSTM-TIA still has transimpedance gain 
of 1GQ and bandwidth more than 300 kHz. However, its equivalent input noise current 
PSD is only 3 (fA)?/Hz at 100 kHz, i.e. 1/7 of that in Ref.[3], since a noisy HEMT is 
reduced. Therefore, the lower tunneling shot noise of quantum systems can be measured 
at the atomic scale with this apparatus. Furthermore, only a single HEMT is used in the 
Pre-Amp, avoiding the difficulty of matching two identical HEMTs. And, “bias-cooling 
method” can be used to in-situ reduce the inherent noise of the HEMT. With these 
advantages, this apparatus will be a powerful tool to investigate novel quantum states in 
various quantum systems, in the wider range of applications than that in Ref.|3], such as 
high-T, superconductors [7| [8], topological superconductors [4], MBSs [4 [9] 10) (11) [12], 
Andreev reflection [14], and Kondo effect [I5], etc. 


2 Circuit of the proposed CryoSTM-TIA 


The circuit of the proposed CryoSTM-TIA is shown in Fig[i} It consists of several compo- 
nents: the single HEMT amplifier part of the Pre-Amp shown in dashed box (a1) of Figf1| 
the constant-current source part of the Pre-Amp in dashed box (a2), the post-amplifier 
(Post-Amp) shown in dashed box (b), the compensated feedback network shown in dashed 
box (c), and the signal source circuit shown in dashed box (d). The two stage amplifier 
made of the Pre-Amp and the Post-Amp is called as inverting-amplifier (Inv-Amp). The 
Inv-Amp is connected with the feedback network to form the TIA. The input G of the 
TIA is connected to the signal source circuit, to form the CryoSTM-TIA. The compo- 
nents placed in the cryogenic zone are shown in the dotted box. The parameters of all 
components of the CryoSTM-TIA circuit are listed in Table [i] 


2.1 Design of Pre-Amp 


As shown in Figfi| only a single cryogenic HEMT is used in the Pre-Amp. The HEMT 
in this work is CNRS-HEMT (denoted as C-H) [{5}{6] developed by CNRS/LPN in France 
with the excellent cryogenic and noise characteristics. It is capable of operating under 0.5 
K with only 0.1 mW on the ideal operating point of “Vas = 100 mV and Ias = 1 mA”. Its 


parameters are listed in Table j! where e?, is its equivalent input noise voltage PSD and 


ił is its equivalent input noise current PSD [6]. 

The single HEMT amplifier part of the Pre-Amp is shown in dashed box (al) in 
Fig[i] The source of C-H is grounded by a resistor Rg and a small variable resistor Rs1. 
Rs = R; + Rsı, and a capacitor Cs of 0.1 mF is in parallel with Rg. Drain O; of C-H is 
connected to the load resistor R1, and Lj as the other end of Rı is connected to output P 


Figure 1: Circuit of the proposed CryoSTM-TIA. Single HEMT amplifier part of Pre-Amp 
is shown in dashed box (a1), constant-current source part of Pre-Amp in dashed box (a2), 
Post-Amp in dashed box (b), compensated feedback network in dashed box (c), and signal 
source circuit in dashed box (d). The components placed in the cryogenic zone are shown 


in the dotted box. The parameters of all components of CryoSTM-TIA circuit are listed 
in Table 


of the constant-current source through a small resistor Rp1. The resistor Ry is grounded 
through the variable resistor Rp1. Ry = Ry + Ry i. The other end of Rp, denoted as O2, 
is connected to the resistors R2, and Lə as the other end of Rə is connected to P through 
a small variable resistor Rp2. Ry = Ro = Ry. Lı and Lo are grounded by the capacitors 
Cı and Cə respectively, and C1 = C2 = Cy =10 uF. Ca is the input capacitance of the 
Pre-Amp. C-H, Rs, Rn, Ri, R2, and Rp; are placed in the cryogenic zone, shown in the 
dotted box. Ci is the capacitance of the cable that connects gate G of C-H and the tip 
in the CryoSTM. C-H is as close to the tip as possible to reduce Cy, which can be less 
than 0.5 pF. The operating point adjustment for the Pre-Amp is shown in Sect {4] The 
Pre-Amp parameters are shown in Table [i] 

For the Pre-Amp, when AC voltage V is applied to input G, the AC voltage difference 
between O; and Og is denoted as Vop- Ayp = Vop / V is the voltage gain of the Pre-Amp. 
Since the gain-bandwidth-product of the CNRS-HEMT is gm/[27(Cgs +Cga)] ~ 1 GHz, the 
bandwidth of the Pre-Amp is more than 30 MHz. In max{gm/(27Cs), 1/(217RsCs), 1/(27RgC2)} << 
f <3 MHz (ie. 167 Hz << f < 3 MHz with the parameters listed in Table (i), 


AvP © —gmRa, (2.1) 


Table 1: Parameters of all components of CryoSTM-TIA 


circuit 
CNRS-HEMTs C-H 
Gate-source resistance Ra >10 TQ 
Transconductance gm 40 mS 
Channel conductance ga 1 mS 
Gate-source capacitance C's 5 pF 
Gate—drain capacitance Cga 1 pF 
Drain-source voltage Vas 100 mV 
Drain-source current Ias 1 mA 
e2 ((nV)?/Hz) 10 kHz 0.25 
100 kHz 0.07 
i} ((fA)? /Hz) 10 kHz 0.1 
100 kHz 1 
Pre-Amp 
Rs 100+5 Cs 0.1 mF 
Ruy 200 +5 2 RL 1 kQ 
Rpı 10 Q Rp2 10+10 Q 
C1& C2 10 uF 
Tı & T2 BJT BFT93 [16] R» 347+10 
Ry 20 kQ Vpp +12 V 
Post-Amp with THS4021 as Rear-OPA 
aao 97.5 dB fo 14.5 kHz 
Ca 1.5 pF Ra 1 MQ 
Re 330 kQ Ĉi 100 pF 
Supply voltages Vrp, Van +15, -15 V 
Feedback network 
Rp 1 GQ CF ~ 0.3 pF 
Rk 100 kQ Ck ~ 0.2 pF 
Ce 3 nF 
Signal source circuit 
Ry >1 MQ Ci ~ 0.5 pF 
Note: + indicates the variable resistance range. Without specifi- 


cation, the default value after + is 0. 


where Ra = RL/(1 + Ruga). ie., Ayp ~ —20 in 167 Hz<< f < 3 MHz. The input 
capacitance of the Pre-Amp is 


=G e (2.2) 


i.e., Ca % 26 pF in 167 Hz<< f < 3 MHz. The input resistance of the Pre-Amp Ra is 
the gate-source resistance of C-H, and Ra > 10 TQ, so it can be considered as infinity. 

The constant-current source part of the Pre-Amp shown in the dashed box (a2) in 
Figfi]is the same as in Ref.[3]. For a given resistance Rp, there is almost no fluctuation for 
the current Isour generated by the constant-current source, even though the voltage Vpp of 
the positive voltage source fluctuates greatly, which ensures the stability of the operating 
point for C-H. 


2.2 Design of Post-Amp and composition of Inv-Amp 


In Figf1] the Post-Amp circuit in the dashed box (b) is the same in structure as that in 
Ref.{3]. There is a commercial operational amplifier (OPA) in the circuit, called as Rear- 


OPA, which is the OPA with high gain-bandwidth-product, such as THS4021, OPA657, 
and LMH6624, etc. Ra and Ca are the input resistance and capacitance of Rear-OPA 
respectively. The feedback resistor Rs is connected to output O of Rear-OPA and its 
inverting input. Rẹ is 330 kQ, and it placed in the cryogenic zone. The Post-Amp also 
contains two cables that connect the non-inverting input and inverting input of the Rear- 
OPA to outputs O and Og of the Pre-Amp respectively. The capacitance of the two 
cables is Cii and Cig respectively, and Ci; = Cig = Ci = 100 pF. The Rear-OPA in this 
work is THS4021 [I7], and Ci >> Ca. The Post-Amp parameters are listed in Table {1} 

Cascade the Pre-Amp and Post-Amp to form the Inv-Amp. For the AC signal, the 
voltage gain of the Inv-Amp is aa = aa(f). aa(f) can be expressed as 


aA = Ayp Ayr. (2.3) 


By the nodal analysis method, aa can be obtained. And then, with Ayp expressed by 
Eq. (2.1), Avr can be obtained by Eq. (2.3). In max{gm/(27Cs), 1/(2r RsCs), 1/(27RgC2)} << 
f <3 MHz (ie. 167 Hz << f < 3 MHz with the parameters listed in Table [1), 
Re 14+ 920 fRyiC; 1 

Rup 1+ j2mfRaCi 1+ Ft + jdm f eG’ 


aa RL 


AvR x 


(2.4) 


where Ry, = RyRu/(Ru + RL) and aa is the voltage gain of the Rear-OPA. In this 
work, Rp >> Ry, and Ra >> Ry. And, aa can be approximately expressed as dg = 
aao/(1 + 9f/fp) in (0, 40 MHz] for THS4021. 
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Figure 2: The Inv-Amp voltage gain aa(f). The solid curves are the curves of |aa(f)|ap, 
and the dashed curves are the curves of Z(aa(f)). The red curves are the TINA-TI 
simulation results, the green curves are the calculated results with the nodal analysis 
method, and the black curves are the calculated results by Eqs. (2-1), (2.3), and in 
Article. 


With the parameters in Table[I] the Inv-Amp performances can be simulated by TINA- 
TI [£8]. Fig] show the curves of |aa(f)|qp and Z (aa(f)) simulated by TINA-TI. By the 
nodal analysis method, aa(f) is calculated by the equations established with all compo- 
nents listed in Table |1| [19], which is also shown in Fig || The curves of |aa(f)|ap and 
Z (aa(f)) calculated by the nodal analysis method are identical with the simulated ones 
respectively. |aa(f)|ap and Z(aa(f)) are also calculated by Eqs. (2.1), (2.3), and (2.4), 


and the calculated curves in Fig [2] are almost identical with the simulated ones respectively 
in [1 kHz, 10 MHz], which verifies the correctness of Eqs.(2.1),(2.3), and (2.4). 
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2.3 Frequency compensation of feedback loop 


In order to increase the bandwidth of the CryoSTM-TIA, for the high feedback resistor 
Rp with parasitic capacitance Cp, frequency compensation must be used in the feedback 
loop [I 20). In Fig{i] the compensated feedback network is shown in the dashed box (c). 
Rr is placed as near as possible to C-H for reducing the capacitance between the gate G of 
C-H and Ground. Taking Ce equalto kCp, where k is above 10°, adjust Ry equalto Rp/k, 
realizing R,C. = RpCp. The output voltage of the TIA as V, generates the current Íp 
flowing to input G of the TIA, so 


Ze(f) = Vw Ry + Rr N ay 
j Ip 1+j2rfRyCk 14 j2rfRkOk’ 


where Ck is the parasitic capacitance of Ry 20]. Zp(f) can be considered as the 
impedance of the feedback network. In Ref.[20], it has been achievedin experiments to 
broaden the bandwidth of the feedback network with the very high feedback resistor Rp 
of 10 GQ to MHz. In (0, 1 MHz], with the parameters listed in Table |1| |Zp(f)| ~% 
Rp/|1 + j2r f RkCr| > Rp /1.008 and |Zp(f)| < Rp, so it can be considered that Zp(f) is 
equal to Rp. 


2.4 Circuit stability of the proposed CryoSTM-TIA 


In Figfi} the signal source circuit is shown in the dashed box (d), and its parameters are 
shown in Table The differential resistance of the tip-sample tunnel junction (TJ) is 
Rj, which is limited to no less than 107? Rp in this design. The capacitance of TJ is Cy, 
which is in parallel with Ry. And, Cy is estimated as several fF [3]. C = Ca + C,+Cy in 
this work. Cy is at least two orders of magnitude less than Ca + C1, so it can be ignored 
in C and C ~ Ca + Cj. The DC bias & modulated signal voltage source is denoted 
as BMS, which provides the DC bias V; and sinusoidal modulated signal voltage V; for 
the CryoSTM-TIA. In the following simulation, Ct is always taken as 0.5 pF. The TIA 
connects the signal source circuit to form the CryoSTM-TIA. According to the parameters 
in Table}1} the performances of the CryoSTM-TIA can be simulated by TINA-TI. 
The loop gain Ty, of the proposed CryoSTM-TIA is 


Ti(f) = aa (PEE) = -aa (P/U, 


in which 8(f) is the feedback factor, and its reciprocal is, 
1/B(f) ~ 1+ Zpll/Ry +1/Ra + j2rf (Ca + Cy). (2.5) 


By Eq. (2.5), |1/8(f)| and Z (1/6(f)) can be calculated. Fig B{a) shows the calculated 
results of |1/8(f)lap and < (1/G8(f)) with Ry = +00, and Fig 3{b) shows those with 
Ry = 1 MQ. |aalap and Z (aq) are also shown in Figi] Both figures show |Ty Jap = 
laalan — [1/B(f)las < —10 dB in f > 512 kHz and Z(T;) = Z(-aa) — Z(1/8) = 
Z (aa) — 180° — Z (1/8) > —138° in f < 512 kHz. Therefore, the CryoSTM-TIA is stable 
with gain margin more than 10 dB and phase margin more than 42°. 
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Figure 3: TINA-TI simulation results for the voltage gain Inv-Amp a4, and 1/6(f) (a) with 
Ry = +00, (b) with Ry = 1 MQ. Both figures show |Tilap = |aalap — |1/6(f) lap < —10 
dB in f > 512 kHz and Z (TŁ) = Z(—a@a) — < (1/8) = Z (aa) — 180° — Z (1/8) > —138° 
in f < 512 kHz. Hence, the CryoSTM-TIA is stable enough. 


2.5 Voltage gain and transimpedance gain of the proposed CryoSTM- 
TIA 


With the compensated feedback network mentioned in Sect [2.3] it can be considered that 
Zp is equal to Rp in (0, 1 MHz]. Considering the TJ capacitance Cy, the TJ impedance 
should be Zj = Ry/(1+ j2afRyCy). And, C ~ Ca + Cj. As the AC input voltage V; is 
applied by BMS, the output voltage of the CryoSTM-TIA is Vo, and the voltage gain of 
the CryoSTM-TIA is Ay = Vo/V;. In (0, 1 MHz], by the nodal analysis method, Ay is 
Rin: : (2.6) 


Z 1 Rp Rp Rp Cat Oy 
Jol aA aa Ry aaRq I jan f 


Setting V; = 0 and applying a sinusoidal current source I, in parallel with TJ, the 
output voltage V, is generated at the output of the CryoSTM-TIA. A; = Vo/J; is called 
as the transimpedance gain of the CryoSTM-TIA. In (0, 1 MHz], A; is 


Rr 
1 R R R i ate) 
1 an Taha Taka j2nf E 7 : 


Disconnecting the TIA with the signal source circuit, and applying a sinusoidal current 
source [yp into the input of the TIA, the output voltage Vor is generated at the output of 
the TIA. Air = Vor/ İr is called as the transimpedance gain of the TIA. In (0, 1 MHz], 


Ait is 


Rr 
Air = (2.8) 
1 R . RFC 
leor aa a 
dB m ee ree e e e e DEG 


4150 
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Figure 4: TINA-TI simulation results for Air/Rp, Air is the transimpedance gain of the 
TIA in the proposed CryoSTM-TIA. |Ait(fnt)/Relag = —3 dB and Z (Air(fnr)/Rr) = 
99° at far = 320 kHz. 


In Fig/4| |Air/Rerlap and Z (Air/Rp) calculated by Eq. (2.8) with the parameters in 
Table[1]is identical with their TINA-TI simulation results in [1 kHz, 1 MHz], which verifies 
the correctness of Eq. (2.8) for Air. The upper cut-off frequency of Air(f)/Rr, i.e. its —3 
dB frequency is fhr = 320 kHz. Comparing Eq. (2.7) with Eq. (2.8), as Ca + Cy +Cy & 
Ca +Cr ~ Ca and Rj > 10-*Rp, the upper cut-off frequency of the CryoSTM-TIA is 
approximately equal to fpr. 


2.6 ‘Transient response of the proposed CryoSTM-TIA 


The simulation results for the transient response of the proposed CryoSTM-TIA are shown 
in Supplemental file 2 [22]. For the CryoSTM-TIA, the time taken from adding the input 
step signal voltage to the output response stably within a certain error is called transient 
response time tr. For the simulations, a resistor with a constant resistance Ro is instead 
of the tip-sample junction. When Ro > 30 MQ, for 0.1% error, tp < 5 us. When 5 
MQ < Ro < 30 MQ, for 1% error, tr < 5 us. When 1 MQ < Ro < 5 MQ, for 3% error, 
tr < 5 ps. 


3 Inherent noise of the proposed CryoSTM-TIA 


For the circuit of the proposed CryoSTM-TIA shown in Fig[I} the differential equivalent 
circuit with all noise sources is used to calculate its equivalent input noise. The details for 
the noise calculations are shown in Supplemental file 3 [24]. 


3.1 Equivalent input voltage noise and equivalent input current noise of 
Inv-Amp 


The equivalent input noise voltage and equivalent input noise current of C-H are denoted 
as ey and iy respectively. The resistors R1, R2, and Rg are in the cryogenic zone of 4.2 K, 


and their noises in f > 1 kHz are thermal noise, which can be neglected [3]. The thermal 
noise voltage of the resistor Ry is ery. The equivalent input noise voltage and equivalent 
input noise current of the Rear-OPA are denoted as ea and i, respectively. These noise 
sources are independent. The equivalent input noise voltage and equivalent input noise 
current of the Inv-Amp are denoted as eq and ia respectively. By the nodal analysis 
method and Wiener-Sinchin theorem, ignoring the minor terms, it is obtained that 


— — Re e2 e2 Rut \ i 
e2 = e% + NE pa 4 A — j) 4$, (3.1) 
i a Ri Ap Ap Ra Ii 


Ap \ Ri 
C R — 
eat, =(taea)* = gah a see 2) 
Rut Rut \ 72 
— 72 Cos + C, G 1+ —)—. 3.3 
jarf (Ce + sit h a) (14 F2) 3 (3.3) 


According to i the parameters listed in Table(1} | for the e Inv-Amp in this work, a= 0.27 
(nV)?/Hz and 7% = 0.13 (fA)?/Hz at f = 10 kHz, and eA = = 0.08 (nV)?/Hz and A =T 
(fA)?/Hz at f = 100 kHz. For the Macro-OPA in Ref. [8] [3], |, e4 = 0.5 (nV)?/Hz and A = 0.8 
(fA)?/Hz at f = 10 kHz, and eł = 0.14 (nV)?/Hz and i2 = 20 (fA)?/Hz at f = 100 kHz. 
The resistor Ry in the Inv-Amp in this work replaces the transistor H2 in the Macro-OPA 
in Ref.|3|. The noise generated by Ry is 2 orders of magnitude smaller than that generated 
by H2 in the Macro-OPA in Ref. [3], i.e. eta << A? ne. Therefore, the equivalent input 
noises of the Inv-Amp in this work are much lower than those of the Macro-OPA in Ref.[3]. 
In f > 10 kHz, e2 = 2.25 (nV)?/Hz and i2 = 4 (pA)?/Hz [I]. In Eqs.(8-1), 
(3.2), and (3.3), e2.,R2,/R% is one order of magnitude smaller than e2. In Eq. (3.1), 
(1+ Rut/Ra)? 2/92, is 2 orders of magnitude smaller than e2. In Eq. (3.2), (Ces + Cga + Ca Rut/ Ra)’ 2/92, 
is one order of magnitude smaller than CR 2 /A2 p: hn Eq. (3.3), (Ces + Cga + Ca Rut/Ra) (1+ Ru/Ra) 12/2, 


is one order of magnitude smaller than Cae? /A?p. Further ignoring the minor terms in 


e = ef + e2/A?p, (3.4) 
1h = i + (2r f) CRE Atp, (3.5) 
eati = (iae )" = —j2afCae2/Ap. (3.6) 


3.2 Equivalent input current noise of the proposed CryoSTM-TIA 

The equivalent pit noise current PSD of the proposed CryoSTM-TIA is obtained as 
=i} + 4kgT/Rr + [1/R} + 1/R} + (21 f} C3] 2 

+ (1/Ry + j2nfCy) (eath + &/Rr) 

+ (1/R3 — j2r fCu) (taeg + €/Re) , (3.7) 


ia 


where Cty = Ci + Cy [B] [23] [24]. Putting Eqs. (3.4] (8.4), 6-5 , and (3.6) into Eq. (3.7), 
B, =, + dhpT/Rp + (1/Ry + 1/Rp)” “a + ave 


+ (2nf)? (Chef + C7e2/Atp) , (3.8) 


2 =i + 4kpT/Rp + (1/Ry + 1/Rp)? e + iby, (3.9) 


where i2,, = (2r f)?(C?,e% + 2CaCiye2/A2p). 

For the proposed CryoSTM-TIA, Rp = 1 GQ, Ca = 26 pF, C1 = 0.5 pF, and Cy = 10 
fF. Rp and TJ are in the cryogenic zone at 4.2K. As Ry = 1 MQ, ne and its four components 
are listed in Table|2| The noise components of the CryoSTM-TIA in Ref.[3] are also shown 
in Table[2} The CryoSTM-TIA proposed in this work has an equivalent input noise current 
PSD of 0.6 (fA)?/Hz at 10 kHz and 3 (fA)?/Hz at 100 kHz, which is much lower than that 
in Ref. [3]. 


Table 2: Noise components of CryoSTM-TIAs 


Pre-Amp type Single HEMT Amp Pre-Amp in Ref. [3] 
f (kHz) 10 100 10 100 
e? ((nV)”/Hz) 0.27 0.08 0.5 0.14 

Unit for the following terms is (fA)? /Hz 

a 0.13 2.7 0.8 20 
4kpT/ Rp 0.2 0.2 0.2 0.2 
iZi 0.0013 0.06 0.03 0.7 
(Ete 0.26 0.08 0.5 0.14 
i2, as total 0.6 3 1.5 21 


in 


According to the work on the noise mechanism of the CNRS-HEMT [5], “bias-cooling 
method” can be used to control the density of the frozen DX~ centers in the doping area in 
the HEMT. This unique method, by which the in-situ modification of the HEMT structure 
is realized, can be used to reduce the noise generated by the HEMT. By cooling the HEMT 
with the positive gate-source voltage, more electrons in the HEMT are frozen into the DX~ 
centers. At low temperatures, the absolute of the gate-source voltage required to maintain 
the HEMT at the ideal operating point is reduced, so that the gate leakage current is 
reduced, and thus the low frequency noises generated by the gate leakage current is reduced 
[5]. By the means, the inherent noise of the CryoSTM-TIA can be reduced. Moreover, 
if the HEMT used for the CryoSTM-TIA is not CNRS-HEMT, or its noise performances 
are not as good as those listed in Table [I] it can be remedied by “bias-cooling method”. 
This approach is very convenient for cases with only a single HEMT in the Pre-Amp. 


4 Operating state adjustment and DC tunneling current 
measurements 


For the CryoSTM-TIA in F ig I] along with the circuit parameters listed in Table |1} its 
operating state can be adjusted as follows. (1) Disconnect the Pre-Amp from the Post- 
Amp and ground the input of the Pre-Amp, i.e. gate G of C-H. Adjust Rp2 to Rp2 = Rp1. 
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Adjust the constant-current source to generate current as Isou = 2 mA. Adjust R,; and 
Rni to achieve C-H at the ideal operating point (Vas = 100 mV, Jag; = 1 mA) and the 
potentials at Oq and Og equal. That is to say, Rsı and Ry; are adjusted to realize 
Ry = Rg + Vas/Ias = Rg + 100 Q. (2) Cascade the Pre-Amp and Post-Amp to form 
the Inv-Amp, and input G is still grounded. By then, the DC output voltage Vom of the 
Inv-Amp is usually not 0. Vom is induced by the input offset voltage of the Rear-OPA 
[I7], its input bias currents and input offset current, and the common-mode DC voltages 
on the the inputs of the Rear-OPA. Adjust Ry; and Rp2 to achieve the current through 
Rp2 back to 1 mA and Vom = 0. Therefore, C-H is also at the ideal operating point. (3) 
Connect output O and input G of the Inv-Amp with the feedback network and disconnect 
input G from ground, to form the TIA. Input G is still not connected with the signal 
source circuit, so the potential of input G and output O of the Inv-Amp is still 0, since the 
input resistance of the transistor C-H Ra can be considered as infinity. In the feedback 
network, Rp + Ry ~ Rp = 1 GQ. (4) Connect the signal source circuit to the TIA, to 
form the CryoSTM-TIA. 

When f > 0, aa > aao, and aao is the DC voltage gain of the Inv-Amp. |a,olap ~ 
(gmR¢/9aRH) ap © 96.4 dB, which is consistent with the simulation result |aao|apn = 95.6 
dB shown in Fig) As the DC bias V; is applied by BMS, the DC resistance of TJ is 
R, and the potential at input G is Va, and the output voltage of the CryoSTM-TIA is 
Vo. Obviously, aagVe = Vo, and (Vi — Va)/R = (Ve — Vo)/Rr. The DC bias on TJ is 
V = V, — Vg, and the DC tunneling current I = (V; — Va )/R. I; as an approximate value 
of I is 

L= —V/Rr. (4.1) 


And, the relative error is obtained as 
Er = |I; — I|/|I| = 1/(1 — aao). 


As |aaolap ~ 96 dB, Er < 20 ppm, consistent with the simulation results [25]. Since 
aagVa = Vo, the DC bias on TJ is 


V = V — Vs /aao. (4.2) 


By Eq.(£1), Vo = —Rrls ~ —RpI = —RpV/R. By Eq.(42), Vi ~ V — ReV/(Raao). As 
the minimum of Ry is not less than 1 MQ, R > 1 MQ, so |Rp/(Raao| < 1/60. Thus, 
V & Vi. With the measured V,, I ~ J, and V & V; can be obtained. Therefore, the 
scanning tunneling current spectra I = I(V) (V €[Vz, Vu) can be obtained, where Vg 
and Vy are the lower limit and upper limit voltages for the measurements respectively. 

It should be noted that the Pre-Amp in this work is not a differential structure, so 
there is no function for it to counteract the influences of the temperature drift as that 
for the differential structure. The drift of Vom can be considered as the amplification of 
the drift of the Inv-Amp input offset voltage Vog, where Von = aagVos. The estimated 
drift of |Vos| is about 0.5 mV/°C [26]. The power of the constant-current source is about 
24 mW. The well-designed temperature Control System based on the TEC devices 
can be used to control the temperature fluctuations of the constant-current source within 
0.0002 °C and those of Rear-OPA within 0.1 °C, so the fluctuations of Vog within 150 
nV is guaranteed, i.e. the TIA output fluctuations within 150 nV [8]. 
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5 Applications for the proposed CryoSTM-TIA in spectra 
measurements 


For most applications, the modulus of the transimpedance gain of the CryoSTM-TIA 
|A;(f)| should be measured firstly. Aj;(f) is expressed as Eq. (2.7). Since |aa(f)lap > 90 
dB in [1 kHz, 300 kHz] as shown in Fig] when Rj > 107° Rp, |Ai(f)| in [1 kHz, 300 kHz] 
can be approximately expressed as 


|Ai(f)| = Re/|1 — j2r f Re (Ca + C1)/aa (f). (5.1) 
How to measure it has been described in Ref. [3]. 
5.1 Measurements of scanning tunneling differential conductance spec- 


tra by the proposed CryoSTM-TIA 


The differential conductance of TJ Gy = 1/Ry is the function of the voltage V applied 
to TJ. As the frequency f of the modulated signal voltage V; provided by BMS is low 
enough, such as f < 1 kHz, by Eq.(2.6), 


Rp 1 


N : z . 
AV) 1- aE) 


Ay 


Therefore, Rj(V) ~ [1/Ay +1/aa(f)] Rp. When the measured |A,| < 1000, Ry(V) = 
Rp/|Ay|, since |aa(f)|an = 85 dB in f < 300 kHz as shown in Fig[2] With the measured 
|A,| = |Vo|/|Vi|, the differential conductance spectra G3(V) = 1/R3(V) (V €[Vt, Va]) can 
be obtained. 

Increasing the frequency f of the modulated signal can speed up the scanning tunneling 
differential conductance spectra measurements. In [1 kHz, 300 kHz], as Ry > 1 MQ, by 
Eq. (2.6), 

(AIS pa * 7 

. IZa(f)| |1— g2afRr(Ca + Cr)/aa(f)| 
Therefore, 1/|Z3(f)| ~ |Av(f)|/|Ai(f)|, where | Ai(f)| is shown by Eq. (5-1). And, |Ay(f)| 
and |Aj(f)| can be measured. 1/|Z;(f)| = V1/R + (2r fC3)? can be obtained. Selecting 
two different frequencies fı and f2 in [1 kHz, 300 kHz], |Z3(f1)| and |Z3(f2)| are obtained. 
Ry and Cy can be solved out from the measured |Z 3(f1)| and |Z3(f2)|. 

Since the inherent noise of the CryoSTM-TIA is very small, the amplitude of the 
modulated signal voltage V; can be very small (< 10 uV), so that the energy resolution 
for STS is much improved. 


5.2 Measurements of scanning tunneling shot noise spectra by the pro- 
posed CryoSTM-TIA 


The measurement method for the tunneling shot noise spectra by the proposed CryoSTM- 
TIA is basically the same as that introduced by Ref.[3], and it is only briefly described 
here. 
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Before approaching the tip to the sample in the CryoSTM, Rj can be considered as 
infinity and Cy as 0. In this case, the output noise voltage PSD of the CryoSTM-TIA 
Ssu(f) can be measured, and the equivalent input noise current PSD i?(f) is 


P(f) = Seu A (5.2) 
where |Aj(f)| is obtained by Eq. (5.1). 


To measure the scanning tunneling shot noise spectra (STSNS) of a quantum system by 
the CryoSTM-TIA, the distance between the tip and sample is adjusted, and the interval 
(VL, Vu] is selected, so that the shot noise measurements at V € Dy = {V| V% < V < 
Vu,Gy(V) < 1 uS} are needed to study the physical properties of the quantum system 
[3]. In Dy, the output noise voltage PSD Ssum(f,V) can be measured. The tunneling 
noise current PSD is denoted as S}(f,V). The equivalent input noise current PSD of the 
CryoSTM-TIA is the function of Ry, so it is the function of V and denoted as i2 (f, V). 
For Ssum(f, V), 


Seum(f,V) = [I EEO] CAP. (5.3) 
With Eq. (5.2) and (5.3), it is obtained that 
Semen; V) = Ssu(f) 


SIV) = Tp CFV) -RA (5.4) 
From Eq. (3.9), 
= = e2 _ e2 
i? (f) Z a ae a l (Qn f)? (az + TES ; 


And, i2 (f, V) is composed by the four parts as shown in Eq. (3-9). According to Table [2| 
6(f,V) as the difference between 7?,(f,V) and i?(f) is smaller than 0.3 (fA)?/Hz in [10 
kHz, 100 kHz) and 0.1 (fA)?/Hz in[100 kHz, 300 kHz]. 5(f,V) can be neglected compared 
with S;(f,V), so long as the minimum of Gj(V) (V € Dy) is not too small. Therefore, 


Si(f, V) can be obtained as 


Sguml f, V) ~~ Ssul f) 
|Ai(f)? l 


by the measured Ssum(f, V), Ssu(f), and |Ai(f)|. And then, the SNTNS S;,(J) = 2Fe|J| 
can be extracted from S{(f,V). Here, J = I(V) (V € Dy), and I is the DC tunneling 
current as the bias V is applied. 

Compared with the CryoSTM-TIA in Ref.[3], the CryoSTM-TIA proposed in this 
work has the same bandwidth and transimpedance gain, but its inherent noise is much 
lower. The inherent noise of the CryoTM-TIA in this work is only 3 (fA)?/Hz at 100 kHz 
and its 6(f,V) < 0.1 (fA)?/Hz at 100 kHz, while that of the apparatus in Ref.[3] is 21 
(fA)?/Hz at 100 kHz and 6(f,V) < 0.28 (fA)?/Hz at 100 kHz. Therefore, as investigating 
novel quantum states of various quantum systems, the measurements performed with the 
apparatus proposed in this work is more accurate. 

For example, as investigating the existence of MBS in a magnetic flux vortex of the 
iron superconductor in CryoSTM [4], the tunnel junction resistance must be large enough, 


Sif, V) = 


(5.5) 
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since the occurrence of incoherent Andreev reflection can be ruled out by weak tunnel 
coupling conditions [29]. In Ref.[4], the tunneling current I is quite low (see Fig.3(a) in 
Ref.{4] and Fig.S1(a) and (b) in its supplemental file). As the tunnel junction bias V is 
0.3 mV, I is only tens of pA, and the corresponding shot noise may only be only a few 
(fA)?/Hz. For the shot noise measurements in the system in Ref.[4], it is obvious that the 
CryoSTM-TIA proposed in this work is much more effective and accurate than that in 
Ref. [3]. 


6 Conclusions 


In this work, a design of transimpedance amplifier (TIA) for cryogenic scanning tunneling 
microscope (CryoSTM) is presented. The TIA connected with the tip-sample compo- 
nent in CryoSTM is called as CryoSTM-TIA. The CryoSTM-TIA in this work has tran- 
simpedance gain of 1 GQ and bandwidth more than 300 kHz, and its equivalent input noise 
current PSD is only 3 (fA)?/Hz at 100 kHz. In this CryoSTM-TIA, a single CNRS-HEMT 
Pre-Amp is instead of the differential Pre-Amp consisting of a pair of CNRS-HEMTs in 
Ref.[3]. The difficulty of matching the identical HEMTs is avoided. And, due to the 
reduction of a noisy HEMT, the apparatus inherent noise is only 1/7 of that in Ref.[3]}. 
Furthermore, the inherent noise of the single HEMT in the circuit can be in-situ reduced 
by “bias-cooling method”. With this apparatus, the fast high-energy-resolution scanning 
tunneling spectra measurements can be performed and the very low tunneling shot noise 
of quantum systems can be measured at the atomic scale. This apparatus can be applied 
to investigate novel physical properties of various quantum systems, such as detecting the 
existence of Majorana bound states in the topological quantum systems. 
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